Chromosome ends, or telomeres, are dynamic DNA structures maintained by a multisubunit telomerase and other proteins. New evidence indicates that proteins previously implicated in the repair of DNA doublestrand breaks also play an important role in the control of telomere organization and length.
The linear chromosomes of eukaryotic cells are protected from the loss of DNA, and other potential errors, by specialised end structures known as telomeres. Telomeres contain distinctive repeats of short DNA sequences; these sites trigger a unique type of DNA replication by telomerase, a ribonucleoprotein machine that adds DNA to the ends in an RNA-templated reaction. Unless new telomeric repeats are added to each end of a linear chromosome by telomerase, the telomeres are gradually eroded by the loss of repeats in every cell cycle as a result of the inability of DNA polymerase to copy template DNA without an upstream RNA primer [1, 2] .
Several genes encoding components of telomerase have been identified and cloned, primarily in the budding yeast Saccharomyces cerevisiae. These include TLC1, which encodes the telomerase RNA, EST2, which encodes the enzyme's reverse-transcriptase-like catalytic subunit, and EST1, EST3 and EST4/CDC13, which encode three additional telomerase subunits. Mutations in any of these genes lead to telomere shortening and cellular senescence [3] [4] [5] [6] . Telomere length regulation is an important guard against chromosome instability, and a number of other proteins involved in this process have now been identified [7] [8] [9] . The exciting connection to come out of these recent discoveries is that the proteins turn out to have previously defined roles in DNA repair, an observation that points to how they may act collaboratively at telomeres.
To search for additional proteins controlling telomerase activity in S. cerevisiae, Nugent et al. [8] screened for mutations altering cell survival, using strains already modified with mutations affecting telomerase (cdc13-1 ts and est1∆). In this way, they identified mutations in Ku80 and RAD50. Polotnianka et al. [9] similarly found that mutations in Ku70 or Ku80 are lethal when combined with cdc13-1 ts .
The Ku70-Ku80 heterodimer, Rad50 and other associated proteins had previously been shown to participate in the repair of double-strand DNA breaks. These proteins act on a pathway known as non-homologous end-joining, which reforms contiguous DNA without requiring sequence homology between the broken ends. The Ku heterodimer of eukaryotes has the rare ability to bind to the ends of linear DNA molecules [10] . Ku actually recognizes many DNA structures in a DNA-sequence-independent manner, making it an ideal general double-strand break-repair protein. Ku mutations impart sensitivity to ionizing radiation, and Ku also plays an essential role in the development of the vertebrate immune system. Ku is required for V(D)J joining, the specialized gene rearrangement mechanism that uses non-homologous end-joining to create functional antigen-receptor genes.
Non-homologous end-joining is similarly disrupted in yeast strains with a mutation affecting Rad50 or one its associated proteins, Mre11 or Xrs2. These three proteins are thought to form a complex that has an essential role in double-strand-break repair. The biochemical properties of the Mre11-Rad50-Xrs2 complex are unknown, but Mre11 is structurally related to several phosphoesterases and may be a nuclease [11] . Mutations affecting any of the components of this complex disrupt nucleolytic degradation at double-strand breaks in yeast [12] . The new studies, reported in Current Biology [8, 9] and elsewhere [13] [14] [15] , show that yeast strains with mutations affecting either the Ku heterodimer or the Rad50 complex have telomeres with lower than normal numbers of repeats. This abnormality may contribute to chromosome instability and thereby be responsible for the temperature-sensitivity and growth defects that these strains exhibit.
By analysing the effects of mutation combinations, Nugent et al. [8] found that MRE11 and RAD50 are epistatic to two telomerase subunit genes, EST2 and CDC13, whereas the Ku genes are not. The surprising implication is that the Mre11-Rad50-Xrs2 complex acts in the telomerase-mediated pathway for maintaining natural chromosome ends. The Ku complex, on the other hand, appears to act in a parallel pathway of DNA-end protection. Other recent results have provided insights into the nature of this pathway.
The results of Laroche et al. [7] suggest that Ku has a role in maintaining the unusual chromatin structure at telomeres. They found that ku70 or ku80 mutations disrupt the normally punctate staining of telomeric DNA and the telomere-associated proteins Rap1, Sir3 and Sir4 at the nuclear periphery. In the absence of Ku, the staining for Sir3, Sir4 and Rap1 is diffuse, as if the normal telomeric clustering at the nuclear periphery has been lost. Sir3 and Sir4 are important in organizing the heterochromatin that 'silences' chromosome regions, including telomeres; they inhibit transcription and the genetic recombination that mediates mating-type switching. Unlike Ku, the Sir proteins do not themselves bind DNA -they associate with chromatin via DNA-binding proteins and/or nucleosomes. Interestingly, Ku and Sir4 associate with each other [16] , and Rap1 associates with the Sir complex at telomeres [17] .
A consequence of the unusual chromatin structure at telomeres is thus a local shutdown of transcription: marker genes inserted at telomeres are transcriptionally silenced, under the control of Sir proteins. Loss of Ku reverses this transcriptional repression [7, 8, 13, 18] . Recent evidence independently indicates that Ku is normally bound to telomeres in yeast [18] . Intriguingly, these connections between Ku and the Sir proteins have a significance beyond telomeres, as sir mutants also disrupt non-homologous end-joining [16] . The picture that emerges is that Ku collaborates with the Sir proteins to form a nucleosomeindependent cap for chromosome ends, which helps to protect telomeres from erosion ( Figure 1 ). An intriguing possibility is that a similar protein cap may also form at DNA damage sites.
Ku's role in telomere maintenance is still puzzling, as it is not understood which features of the telomeric end structure the protein recognizes. The double-strand-break repair properties of Ku suggest that the heterodimer associates with the end of the double-stranded telomeric repeat. It may, however, also bind to a single-stranded repeat region if the DNA is unusually configured. Polotnianka et al. [9] and Gravel et al. [18] report that yeast ku mutants retain extended TG 1-3 repeats as single-stranded DNA throughout the cell cycle, whereas in wild-type strains this single-stranded DNA is transitory, occurring only in late S phase. These ends form 3′ overhangs [9] , implying that 5′-3′ processing of telomere ends occurs under Ku control and in a cell-stage-specific manner.
Taken together with the observation that ku mutations are not epistatic to mutations that directly disrupt telomerase [8] , the new findings indicate that Ku does more than just provide a better substrate for telomerase action. Ku may control access to telomeric ends for other proteins in addition to silencing factors -the Mre11-Rad50-Xrs2 complex, perhaps. This would be consistent with the epistatic interactions between ku and mre11/rad50/xrs2 mutations in DNA repair [8] . Telomerase may use a 3′ extended G-rich strand to add new telomeric repeats, and a 5′-3′ nuclease may continually regenerate such a G-rich single strand, much like the resecting of DNA that occurs in non-homologous end-joining reactions. The reduced 5′-3′ processing of double-strand breaks in mre11 mutants [12] is consistent with the idea that the Mre11-Rad50-Xrs2 complex regulates DNA nucleolytic steps at telomeres.
Why do Ku and the Mre11-Rad50-Xrs2 complex regulate telomere length, rather than stimulate chromosome end-toend fusion as they do in DNA repair? The answer may lie in the telomere-bound proteins that are unlikely to participate in DNA repair, such as the two yeast proteins that directly associate with the TG 1-3 repeats. Rap1 interferes with telomerase action, and so may prevent addition of too many repeats by telomerase (Figure 1 ) [19] . Mammalian telomeres are bound by Trf1 and Trf2 [20, 21] , proteins which are similar to Rap1 in that they bind the telomeric repeats in double-stranded DNA. These factors also inhibit telomerase and may act to prevent chromosome end-to-end fusion [22] . Whether Ku influences Trf1/Trf2 accessibility and binding to telomeres will be of future interest. In contrast to Rap1, Cdc13 binds telomeric repeats as singlestranded DNA, and clearly facilitates telomerase activity Proteins associated at chromosomal telomeres. The silencing factors, Sir2, Sir3 and Sir4 (not shown), and the telomere-repeat binding protein, Rap1, bind to telomeres in a manner that is dependent on the Ku heterodimer. Ku also plays an important role in repair of doublestrand breaks elsewhere on chromosomes. Mre11 and Rad50, which are complexed with Xrs2 in yeast, are double-strand-break repair proteins that either control or constitute a nuclease. Loss of either Ku or Mre11-Rad50-Xrs2 leads to shorter telomeres, but only the latter complex appears to function by facilitating telomerase action. The diagram also shows the telomeric TG 1-3 repeats (blue boxes, G-rich strand; red boxes, C-rich strand), the RNA transcribed by telomerase (black box), and Cdc13, which binds to single-stranded TG 1-3 repeats.
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Lessons from yeast have a way of informing mammalian cell biology. Ku-deficient knockout mice have a combined B-cell and T-cell immunodeficiency because of errors in V(D)J joining, and they are also small [23] [24] [25] . The growth impairment is caused by a general loss of cell proliferation potential, as Ku -/-embryonic fibroblasts show premature senescence in culture. Clearly, these defects could be generated by telomere dysfunction. A molecular connection between the stability of mammalian telomere repeats and Ku has not yet been made, possibly because of the difficulties of measuring telomere length in the mouse. As Ku activates DNA-dependent protein kinase, an enzyme that is also implicated in DNA double-strand-break repair and that also associates with the c-Abl tyrosine kinase, there is also the intriguing potential for post-translational modification of proteins governing telomere metabolism. New information stimulates new experiments: the end is not near.
